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Abstract

Nickel based superalloys have been developed to perform substantially in industry however as
technology develops, the need and desire to increase service temperatures to improve efficiency and
performance is pushing the capabilities of these alloys. These aspired requirements entail the research
and development of new structural materials that surpass the abilities of nickel alloys. Research in Nb-
based alloys is underway as Nb alloys have shown to be a promising alternative with similar density but
higher melting temperatures than the Ni alloys. However, because Nb has poor oxidation properties
extensive studies are necessary to develop an alloy that can perform as highly as the Ni alloys in

industry.

This study will focus on the effect of Al and B on oxidation resistance by subjecting five alloys
from the Nb-Cr-Si system to isothermal static and cyclic conditions. Oxidation in air for 24 hours at
temperatures ranging from 700°C to 1400°C has been conducted on alloys with composition of Nb-
30Cr-10Si, Nb-30Cr-10Si-5Al, Nb-30Cr-10Si-10Al1, Nb-30Cr-10Si-5B, and Nb-30Cr-10Si-10B (at%).
The weight gain per unit area as a function of temperature was determined and samples were analyzed
using SEM, EDS, XRD, and x-ray mapping. Better oxidation resistance was observed in the low
temperature range in the Nb-30Cr-10Si and in alloys with boron additions. At higher temperatures, the
5Al and boron additions were beneficial to the oxidation response of the alloys. Complete oxidation
occurred in all the alloys at 900°C except in the 10B alloy. The 10Al addition was detrimental at all
temperatures. Alloys with boron addition yielded better oxide adherence compared to the Nb-30Cr-10Si
and aluminum alloys. Cyclic oxidation for 168 hours was also performed which resulted in spalling of

the oxides and limited amounts of metal left.

vi



Table of Contents

ACKNOWIEAZEMENLS. ......ociiiiiieiieiie ettt ettt seae s e v
ADSTTACT ...ttt et ettt e b e eaees vi
Table Of CONLENLS. ....cueiiiieiiieiieiie ettt ettt et et e e et e e aaeebeessaeenseens vii
LSt OF TADIES ...t X
LSt OF FIGUIS ....coiiieiiieciie ettt ettt ettt ettt et e e e nneenseas X
Chapter 1. INtrodUCION ......cc.eieiiiieciii ettt eee e erae e eraeeenee e 1
Chapter 2. Literature REVIEW ........cccueeiiiiiiieiieiie ettt 4
2.1 OXIAALION ..ttt et s 4
2.2 Oxidation of NIODIUM ......c.cceiuiiiiiiiieiie ettt 6
2.3 Phases and intermetallics ...........coiiiiniiiiiiiiiiiieeiiee e 8
2.4 ND-S1 SYSEEIM ..ottt ettt ekt st eeateeebeeteeeaaeesbeeseseeneeas 8
2.5 Nb-Cr System and Laves phase.........cccccveeiiiiieiiiiiiieeciie e 9
2.5 AlFAAAIION......iiiiieiiecie ettt 11
2.6 B-AAAItION ... 12
2.7 Oxidation Issues in Nb AlIOYS .....cccuiiiiiiiieriieniieiiecieeeeee e 13
Chapter 3: Experimental Details..........cccooiiieeiiiiiiniieecieeeeeeeeeee e 17
3.1 Alloy Fabrication ........ccocc.eeiiiiiiimneeeiiee ettt 17
3.2 Sample Preparation ..........ccieeeecueeeeeieeeieeeeieeesiee e e sae e e e e eaee s 17
3.3 OXIAALION 1.evieiiiiit ettt 18
3.4 Characterization and ANalysis ........ccccecveeriiieeriiieeniie e 19
3.5 Isothermal Phase Diagrams ............cccceevieeiienieeiieniecieeee e 20
Chapter 4 Results and diSCUSSION .......cccueieviiieiiiieiiie e 21
A1 AS CAS.cnieeee et 21
4.2 Effect of Al AddItion.........ccooiuiiiiiiiiie e 29
4.3 Effect of B Addition ........ooieiiieiiieiieiieeieeee e 42
4.4 Cyclic OX1datiON .....ccveieeiieeiiieeiiee et et e st eesteeeseaeeeseaeeeereeesaeesnsaeees 57
Chapter 5. CONCIUSIONS .......eeviieiiiiiieiie ettt ettt 65
5.1 CONCIUSIONS. ..ottt ettt ettt et et eeeas 65

vil



viil



List of Tables

Table 3.1: Atomic percent compositions of alloys used in this StUAY .........cccerieririiniiniiiineeeee, 17

Table 4.1: Percent metal left in Nb-30Cr-10Si, Nb-30Cr-10Si-5Al, and Nb-30Cr-10Si-10Al after

OXIAtION fOT 24 NOUTS .....eoutiiiiitet ettt ettt et e bt e et esat e e bt e s it e et e e sateeabeesateenbeennee 30
Table 4.2: Aluminum content in phases in the Nb-30Cr-10Si-5A1 alloy. ......cccvveeiiieiiieeiieeieeeeeeen 35
Table 4.3: Aluminum content in phases in the Nb-30Cr-10Si-5A1 alloy. ......cccveeeiiieiiieeieeeieeeeeen 35

Table 4.4: Percent metal left in Nb-30Cr-10Si, Nb-30Cr-10Si5B, and Nb-30Cr-10Si-10B after 24 hour
OXIAALION ..ottt ettt ettt e et e et e e et e e e e abeeeeaaeeeetsee e tseeeasaeensseeaasseeassaeeassaeesseeessaeesseesnneeeasaeens 45

X



List of Figures

Figure 4.1: Isothermal sections constructed for 25°C. a.) Nb-30Cr-10Si alloy b.) Nb-30Cr-10Si-5A1
alloy and €.) ND-30Cr-10S1-T0AT] QllOY ...ccuvvieiriieeiieeeiie ettt e e e et e eesaaeessnee e e 21

Figure 4.2: As-cast microstructures of (a.) Nb-30Cr-10Si, (b.) Nb-30Cr-10Si-5Al, (c.) Nb-30Cr-10Si-
10Al, (d.)Nb-30Cr-108Si-5B, and (e.) Nb-30Cr-10Si-10B.....cccccoiiiiiiiiiiiiiiieeeeeeeee e 24

Figure 4.3: XRD scans of the Nb-30Cr-10S1i, Nb-30Cr-10Si-5Al, and Nb-30Cr-10Si-10Al as cast alloys
confirming the phases present as found by EDS. ... 26

Figure 4.4: Map of Nb-30Cr-10Si-5Al as cast alloy showing the elemental distribution in each phase
confirming the presence of the 923-silicide (light grey phase). .......ccccooveeiieiieriiiinieee e 26

Figure 4.5: XRD scans of the Nb-30Cr-10S1i, Nb-30Cr-10Si-5B, and Nb-30Cr-10Si-10B as cast alloys
confirming the phases present as found by EDS. ..o 27

Figure 4.6a: Map of Nb-30Cr-10Si-5B as cast alloy showing the elemental distribution of B in each
PRASE. <.ttt ettt ettt e e ate e bt e shb e e teeeabe et s S e R te e st e eateenbeeenbeenseeeabeenbeeenbeeseennaaens 28

Figure 4.6b: Map of Nb-30Cr-10Si-10B as cast alloy showing the elemental distribution of B in each
101 F2 USSP 28

Figure 4.7: Oxidation curves for Nb-30Cr-10Si, Nb-30Cr-10Si-5A1, and Nb-30Cr-10Si-10Al alloys
exposed for 24 h at temperatures from 700 t0 1400°C........c.oooiiiiiiiiiieiecieeeeee e 30

Figure 4.8: Nb-30Cr-10Si-10Al alloy after oxidation at 800°C exhibiting severe cracking of the metal.31

Figure 4.9: Microstructures after 24 h oxidation at 700°C for (a) Nb-30Cr-10Si, (b) Nb-30Cr-10Si-5Al,
ANd (C) ND-30CT-T0ST-TOAL .iiivieiieiieieieieeeeeete ettt ettt e et e s e saeeseeseeseeseeneensensensensenseenas 33

Figure 4.10: Microstructures after 24 h oxidation at 1100°C for (a) Nb-30Cr-10Si, (b) Nb-30Cr-10Si-
SAL and (€) ND-30Cr-10S1-TOAL ....ooiiiieiieie ettt sttt et e b 36

Figure 4.11: Microstructures after 24 h oxidation at 1400°C for (a) Nb-30Cr-10Si, (b) Nb-30Cr-10Si-
5A1, and (€) ND-30CT=10S1-TOAL ...c.eeieieieieeieetieieeetee ettt ettt st ae et eseese e s esensessesseenas 36

Figure 4.13: Metal-oxide interface formed after oxidation at 800°C in the (a) Nb-30Cr-10Si alloy, (b)
Nb-30Cr-10Si-5Al alloy, and (c) the Nb-30Cr-10Si-10A1 alloy......coocvieviiiiiieiieiiieecce e 38

Figure 4.14: Metal-oxide interface formed after oxidation at 1100°C in the (a) Nb-30Cr-10Si alloy, (b)
Nb-30Cr-10Si-5Al alloy, and (c) the Nb-30Cr-10Si-10A1 alloy......coocvieviieiiiiieiiieeeeece e 40

Figure 4.15: Metal-oxide interface formed after oxidation at 1400°C in the (a) Nb-30Cr-10Si alloy, (b)
Nb-30Cr-10Si-5A1 alloy, and (c) the Nb-30Cr-10Si-10A1 alloy.....ccveeeviieeiiieieeeeeeeeeee e 41



Figure 4.15: XRD of oxide product formation for the Nb-30Cr-10Si alloy showing the transformation of
Nb205 from orthorhombic form to monoclinic form. ........c.ccoceiiiiiiiiniiniiceeee e 42

Figure 4.16: Oxidation curves for Nb-30Cr-10Si, Nb-30Cr-10Si-5A1, and Nb-30Cr-10Si-10A1 alloys

exposed for 24h at temperatures from 700°C t0 1400°C.......ccoiiiiiiiiieiieiieeiee e 45
Figure 4.17: Microstructures after oxidation for 24h at 700°Cfor the (a) Nb-30Cr-10Si, (b) Nb-30Cr-
10Si-5A1, and (€) ND-30CT-10Si-TOAL ..ooouieiieieeeee ettt et nee s eneas 47
Figure 4.18: Microstructures after oxidation for 24h at 1100°Cfor the (a) Nb-30Cr-10Si, (b) Nb-30Cr-
10Si-5A1, and (€) NDB-30Cr-10Si-TOAL ....oouiiiiiieiee et s 48
Figure 4.19: Microstructures after oxidation for 24h at 1400°Cfor the (a) Nb-30Cr-10Si, (b) Nb-30Cr-
10Si-5A1, and (€) ND-30CT-10Si-TOAL ..ooouieiieieeeee ettt et eae e s eneas 49
Figure 4.20: Microstructures after oxidation for 24h at 700°Cfor the (a) Nb-30Cr-10S1, (b) Nb-30Cr-
10Si-5B, and (€) ND-30Cr-10S1-10B. .......oiiiiiiiiieeee ettt 51
Figure 4.21: Microstructures after oxidation for 24h at 1100°Cfor the (a) Nb-30Cr-10Si, (b) Nb-30Cr-
10Si-5B, and (€) ND-30CTr=-10S1-10B. .......ooieiieieiieie ettt sttt ae e ste e e eneesseeneas 52
Figure 4.22: X-ray Map of metal-oxide interface in 5B alloy after 24 h oxidation at 1100°C. ................ 53
Figure 4.23: X-ray Map of metal-oxide interface in 5B alloy after 24 h oxidation at 1100°C. ................ 54

Figure 4.24: Microstructures after oxidation for 24h at 1400°Cfor the (a) Nb-30Cr-10Si, (b) Nb-30Cr-
10Si-5B, and (€) ND-30Cr-10S1-10B. ...cc.eiiiiiiiiiiiiieieieee ettt s 56

Figure 4.25: Cyclic oxidation curves for Nb-30Cr-10Si alloy exposed for seven 24-hour cycles at
LTO0PC-TA00°C. .ottt te et sh st eett e st e st e s e s essesseeseeseeseeseessessensesesseeseeseeseeseeseensensensesensensennas 58

Figure 4.26: Cyclic oxidation curves for Nb-30Cr-10Si-5Al alloy exposed for seven 24-hour cycles at
LTOOCC-TAD0OCC. ..ttt ettt h et e a e b et h e bt e st e ht e st e et e sb e e bt esteebee bt entesaeenbeennes 58

Figure 4.27: Cyclic oxidation curves for Nb-30Cr-10Si-5B alloy exposed for seven 24-hour cycles at
LTO0PC-TA00°C. .ottt ettt ettt et st e et e se s s e e s e e s e eseeseesee st e s ensesseeseeseeseeseeseansensensesensensennas 59

Figure 4.28: Cyclic oxidation curves for Nb-30Cr-10Si-10B alloy exposed for seven 24-hour cycles at

LTOOPC-TA00°C. .ttt ettt ettt ettt b e s bbbt ettt naesaesaeeaes 61
Figure 4.29: Comparison of cyclic oxidation curves between the Nb-30Cr-10Si-5B and the Nb-30Cr-

10Si-10B alloys at 700-800°C. .......cooririiriiieriieiteit ettt sttt ettt sbe b e 62
Figure 4.30: Metal-oxide interface of the Nb-30Cr-10Si-5B at (a.) 800°C and (b.) 1100°C.................... 63

Figure 4.30: Metal-oxide interface of the Nb-30Cr-10Si-10B at (a.) 700°C , (b.) 800°C, and (c.) 1000°C.

xi



References

Xil



Chapter 1. Introduction

New developments in high temperature technology continuously increase the need of
high temperature materials and their enhanced behavior. These materials used in applications
such as structural applications, turbines, energy and aerospace industry, and nuclear systems are
required to withstand extreme high temperatures and maintain a suitable oxidation resistance in
corrosive environments. The most capable material used in industry is nickel-based superalloys
due to their high oxidation resistance in aggressive conditions under high temperatures and
pressures. Although the mechanical and oxidation properties of these nickel-based superalloys
have proved to be superior to any other alloys, they are gradually reaching their maximum
potential due to their upper temperature limit to be used in applications. The need and desire to
increase service temperatures to improve efficiency and performance will exceed the melting
temperature of Ni and will require the development of new structural materials.

A promising alternative to nickel based super alloys are Niobium based super alloys
because of higher melting temperatures, and low density comparable to that of nickel and high
strength at elevated temperatures. Niobium however, requires development through alloying to
enhance the oxidation resistance in aggressive environments and reach the performance
capabilities of Ni-based superalloys. The issue with these Nb-based superalloys is that they
suffer catastrophic oxidation in certain temperature range and demonstrate poor oxidation at
others since niobium is highly soluble in oxygen and forms a voluminous oxide that does not
offer protection to the alloy at high temperatures. -4

For these reasons, extensive research has been conducted in addition of alloying elements

including Al, Cr, Si, Ti, Hf, Ge, and Fe in order to enhance its oxidation resistance. These Nb-



based alloys can be processed to yield a multiphase microstructure of intermetallic phases that
improve the oxidation resistance of the material. As a result of previous studies, it has been
determined that through these additions the oxidation resistance of Nb-based alloys is improved
but oxidation mechanisms such as pesting and spallation still remain a problem. The core of
these issues deal with the phases and oxides formed during oxidation. When there is a mismatch
or large difference of coefficients of thermal expansions between two phases, or a phase and an
oxide, cracks tend to form and give way to the spalling and pesting mechanisms which hinder the
alloys performance.

The current effort is to develop intermetallic phases such as the Laves phase that will
form a protective oxide layer which will reduce the oxygen diffusion rates and decrease the
oxidation of high temperature alloys in service. The Laves phase can be obtained by alloying
Nb with Cr. Additionally, alloying Nb with Si result in the formation of silicides, which provide
high temperature strength and improve the oxidation resistance.” The alloying elements that are
currently of great interest include Al and B. These two elements have been reported to support
the formation of an adherent, highly protective oxide scale.

The purpose of this research is to observe the oxidation behavior and kinetics of five
alloys in the Nb-Cr-Si system and define the effect of Al and B on the oxidation behavior of
these alloys. The Cr and Si alloying elements were selected to form intermetallic phases (NbCr>)
and silicides which improve oxidation resistance.! The addition of Al was to promote a
protective Al,Os layer which has been reported to highly enhance the oxide scale adhesion and
decrease spalling. Boron is expected to reduce the pest susceptibility in the low temperature

range.” The alloys selected for this study include:



Nb-30Cr-10Si
Nb-30Cr-10Si-5Al
Nb-30Cr-10Si-10A1
Nb-30Cr-10Si-5B
Nb-30Cr-10Si-10B

A study of the effect of Al and B on the oxidation for the alloys of this system will be
performed by characterizing and observing microstructural response and behavior to oxidation
along with characterization of oxide scale formation. The understanding of these effects will
provide a clearer perspective on the enhancement or detrimental contribution of these alloying

elements in the Nb system and will add progress on the studies of Nb-based alloys.



